The cell quotas of microcystin (Q mcyst ), protein (Q prot ), chlorophyll a (Q chloro ) and carbohydrate (Q carbo ), as well as the net production rates of these parameters, were determined during the exponential and stationary phases in nine batch cultures of Microcystis aeruginosa (CYA 228) at light regimes from 33 to 53 mol photons m À2 s
The cell quotas of microcystin (Q mcyst ), protein (Q prot ), chlorophyll a (Q chloro ) and carbohydrate (Q carbo ), as well as the net production rates of these parameters, were determined during the exponential and stationary phases in nine batch cultures of Microcystis aeruginosa (CYA 228) at light regimes from 33 to 53 mol photons m À2 s
À1
. The following results were obtained. (i) A parallel pattern was found in the changes of Q mcyst , Q prot , Q chloro and Q carbo during the entire growth cycle and significant correlations were recorded between Q mcyst and Q prot , Q chloro and Q carbo . (ii) The net microcystin production rate ( mcyst ) was positively correlated with the specific cell division rate ( c ), the chlorophyll production rate ( chloro ) and the protein production rate. (iii) A significant inverse linear relationship was found between c and Q mcyst , i.e. cultures with a positive c had a Q mcyst between 110 and 400 fg microcystin cell
, while declining cultures had Q mcyst values >400 fg microcystin cell
. Maximum variation in Q mcyst within cultures was 3.5-fold. Collectively, the results show that cells produced microcystin at rates approximating those needed to replace losses to daughter cells during division and that microcystin was produced in a similar way to protein and chlorophyll, indicating a constitutive microcystin production.
I N T R O D U C T I O N
On a global scale the toxin-producing genus Microcystis has probably been the most frequent species found during bloom events. The production of liver-damaging microcystins has had fatal consequences for wildlife, livestock and, in one documented case through haemodialysis, also for humans (Codd et al., 1989; Jochimsen et al., 1998; Falconer, 1999) . Toxic blooms of Microcystis species thus pose a health threat to both humans and animals when present in drinking water reservoirs and in waters used for recreational purposes. For this reason a substantial amount of research has been dedicated to studying microcystin production.
Some of the latest publications indicate that it is critical how microcystin production and microcystin content are determined. Böttcher et al. (Böttcher et al., 2001) , performing experiments in turbidostats with Plankthotrix agardhii and Microcystis aeruginosa HUB 524, showed that the total microcystin content per cell (Q mcyst ) was scarcely affected by photon flux densities over a wide range of irradiances (2.4-73 mmol photons m À2 s
À1
). Interestingly, ratios of microcystin to other biomass indicators, such as biovolume, dry weight or chlorophyll a, varied by a factor of 2 to 3, as often seen in other studies [see (Sivonen and Jones, 1999) for review]. The relative share of various cellular components and even cell volume may vary considerably as a reaction to limiting conditions and to growth rates. The 2-3-fold variation in microcystin to biomass indicators may simply reflect the variation of the biomass indicator chosen rather than be a true variation in microcystin content (Böttcher et al., 2001) . Observations made by various authors (Orr and Jones, 1998; Long et al., 2001; Lyck and Christoffersen, 2003; Wiedner et al., 2003) substantiate the fact that microcystin data must be expressed in a way that is independent of more variable cellular components, such as protein, chlorophyll and carbohydrate (dry weight), to reflect true changes in microcystin content.
It is still unknown why some cyanobacteria produce microcystin. Current research is focused on whether microcystin is a primary metabolite, participating in as yet unknown essential metabolic processes inside the cell, or a secondary metabolite, which is either constitutively produced or regulated (induced) by specific environmental conditions. Constitutive refers to cellular production of a molecule at a constant rate, which is not regulated by internal or external stimuli; both primary and secondary metabolites can be produced constitutively (Croteau et al., 2002) . As a result of the toxic effect of microcystin on eukaryotes this phytochemical has been widely perceived as a secondary metabolite influencing the ecological interaction between the cyanobacteria and their environment.
Orr and Jones (Orr and Jones, 1998) were the first to postulate that microcystin is a primary metabolite. They studied the relationship between the specific cell division rate (m c ) and the specific microcystin production rate (m mcyst ) in batch cultures of M. aeruginosa (MASH 01-A19) under fixed light and nitrogen-limited conditions. They found a significant relationship between m c and m mcyst . Based on the re-evaluation of batch culture data presented by others they concluded 'there is a direct linear correlation between cell division and microcystin production rates in all microcystin-producing cyanobacteria regardless of the environmental factor that is limiting cell division' (Orr and Jones, 1998) . Stanier et al. and Carmichael (Stanier et al., 1987; Carmichael, 1992) stated that '...synthesis of bacterial secondary metabolites is triggered as growth ceases', and on the basis of this older definition Orr and Jones (Orr and Jones, 1998) concluded that microcystin is not a secondary metabolite as it displays many of the attributes of essential intracellular nitrogenous compounds. A coupling of microcystin production to cell division does not mean that microcystin is constitutively produced, as cell division is regulated by internal stimuli contrary to constitutively produced metabolites.
A consequence of the linear relationship between m c and m mcyst proposed by Orr and Jones (Orr and Jones, 1998 ) is that Q mcyst should remain quite constant, however, Q mcyst varied significantly, though inconsistently, which made Long and co-workers (Long et al., 2001 ) suggest a more complex relationship between m c and m mcyst . These authors demonstrated a positive linear relationship between Q mcyst and m c grown under continuous light at steady-state in various nitrogen-limited continuous cultures of M. aeruginosa (MASH 01-A19). Thus, comparison of steady-state conditions showed no direct linear relationship between m c and m mcyst . Furthermore, the study of Long and co-workers (Long et al., 2001) showed that cell volume correlated negatively with m c under steady-state conditions, resulting in a five-fold variation in cell volume. The effect of growth rate on cell volume seems to affect microcystin quota less, which made both Orr and Jones and Long et al. (Orr and Jones, 1998; Long et al., 2001) emphasize that for physiological studies addressing microcystin production rates the absolute amount of microcystin in the cells is a meaningful point of reference.
It is imperative to notice that the choice of culture system, batch versus continuous culture, will influence the nature of the results. The advantage of continuous and semi-continuous cultures is that cultures can be maintained in a state of exponential growth over longer periods of time and that growth, theoretically, is limited by one factor at a time (Stanier et al., 1987) . Analysis of the effect of a single factor on growth and microcystin production is consequently best studied under well-defined continuousculture conditions at steady-state with constant cell composition and under the transitional period between steady-states. In nature, cyanobacterial populations seldom maintain high growth rates for long because continued cell division will be limited by exhaustion of available nutrients, CO 2 or by availability of photosynthetically active radiation (PAR). However, working with starving cells in continuous cultures is very time consuming (Bickel et al., 2000) . The advantage of batch cultures in this context is that cells can be exposed to the same potential growth stress with multiple limitations as in nature and, furthermore, that a large number of parallels can be run in a short time. Long et al. (Long et al., 2001) pointed out that batch cultures do provide clearly defined conditions during exponential phase, at m max , and during stationary phase, at m 0 .
In the present experiment batch cultures were chosen to simulate a Microcystis bloom and its collapse in nature. The central aim was to examine the changes in cell quotas of microcystin, protein, carbohydrate and chlorophyll a (Q mcyst , Q prot , Q carbo and Q chloro ) and the calculated production rates of these parameters in relation to growth rate spanning from exponential to late stationary phase/death phase. This study provides information on the total variability in Q mcyst under controlled conditions in batch culture, and with the data from an intensive sampling programme it was possible to examine whether microcystin was produced in a continuous way, as other primary metabolites.
M E T H O D Organisms and experimental design
Microcystis aeruginosa NIVA-CYA 228/1 was kindly provided from the culture collection of the Norwegian Institute for Water Research. Nine 5 L conical bottles containing O2 medium (van Liere, 1979) were inoculated with an initial cell concentration of 1.5 Â 10 5 cells mL À1 . The cultures were constantly aerated with atmospheric air and were grown at 20 C. Several arrangements were tried out but it was not possible to place nine culture bottles in the culture room so that each bottle was exposed to the same photon flux (PF) density. The best solution was to place the cultures side by side and start PF densities of 33-53 mmol photons (PAR) m À2 s À1 were measured at the surface of the cultures. Philips TLD36W/33 cool white fluorescent tubes provided PF on a 14:10 h light:dark cycle. PF in the culture suspension was measured in the centre of all cultures on three dates with a 2 phi quantum sensor connected to a LI-COR integrator. Samples were taken 2 h after the beginning of the light period.
When all cultures had reached exponential growth rates (day 7), three cultures (culture 2, 6 and 8) were wrapped in aluminium foil and kept in the dark for the rest of the period (dark experiment) to produce decaying cultures within the limits of a batch culture life span. The cultures were sampled at intervals of 1-3 days for the first 22 days and at intervals of 4-7 days after day 22.
Analytical methods
The optical density of each culture was measured at 740 nm in a spectrophotometer (UV-160 visible recording spectrophotometer, Shimadzu). Chlorophyll a concentration was measured after extraction of the cells in 96% ethanol according to Jespersen and Christoffersen ( Jespersen and Christoffersen, 1987) . The protein content was determined by the Lowry method (Herbert et al., 1971) using bovine serum albumin for calibration (ICN Biomedicals). The carbohydrate contents of the cells were determined by the anthrone method (Herbert et al., 1971) using standard solutions of D-glucose (Sigma) for calibration.
Microcystins were analysed by reversed-phase high performance liquid chromatography (HPLC) using diodearray UV-detection. The microcystin content was determined from 10-50 mL culture filtered through a GF/F filter (47 mm; Whatman). The wet filters were stored at À20 C for less than a week. Thawed filters were extracted with 5-10 mL of 100% methanol for 45 min, twice, in an ultrasonic water bath, shaken vigorously and re-filtered on GF/F filters before analysis. The microcystin content of the extract was determined by HPLC using a Waters 600 detector, 717-autosampler, 600E controller and a Symmetry C-18, 5 mm 3.9 Â 150 mm column (Waters). Separation was achieved using gradient elution (20-50% acetonitrile in 0.1 mM ammonium acetate at pH 5.0).
The detector was set at 239 nm, the temperature was kept at 40 C and the flow rate was 1 mL min
À1
. The total microcystin content was quantified by calibration against microcystin-LR standard supplied by G. Codd, Department of Biological Sciences, University of Dundee, UK. Dr Jutta Fastner, Umweltsbundes Amt, Berlin ran a MALDI-TOF MS analysis for verification of the major microcystin HPLC-DAD peak.
For flow cytometry, 1 mL culture samples were preserved with 4 mL 0.22 mm filtered 1% para-formaldehyde in phosphate-buffered saline buffer (Na 2 H-phosphate 9.55 mM, NaCl 137 mM, KCl 2.7 mM, pH 7.4) stored in the dark at 5 C until analysis by a Becton-Dickinson FACS Calibur equipped with a 488 nm argon ion laser and a 635 nm red diode laser in standard configuration. Microcystis cells were identified by red fluorescence from allo-phycocyanin collected through a 665 nm band-pass filter. A minimum of 5000 cells was counted per sample. At present, flow cytometry is still not a precise tool for determination of exact cell sizes. However, the built-in calculation of the geometrical mean cell size based on the forward scatter signal of the gated population of cells was used as a measure of relative cell volume.
Data analysis
Microcystin concentration is reported as Q mcyst (microcystin per mL divided by the number of cells per mL, i.e. as fg microcystin cell
À1
) and as the ratio of microcystin to total protein per mL culture (ng microcystin mg protein
). The specific cell division rate (m c ), the specific microcystin production rate (m mcyst ), protein production rate (m prot ), chlorophyll production rate (m chloro ), and carbohydrate production rate (m carbo ) were calculated between successive sampling points from a simple firstorder rate law. The rates of the equation m = ln(N 1 /N 0 ): (t 1 -t 0 ), where N 0 is cell concentration or cell component X 0 per mL culture at time t 0 and N 1 is cell concentration/ component X 1 at time t 1 , are reported in units day
. Thus, m c , m mcyst , m prot , m chloro , and m carbo are directly comparable.
The cell quotas of protein (Q prot ), carbohydrate (Q carbo ), and chlorophyll (Q chloro ) were calculated for each sampling date in the same manner as Q mcyst . The internal pools of cell components were assumed to increase in a continuous linear way during the interphase of the cell cycle. The changes in Q mcyst , Q prot , Q chloro and Q carbo between successive sampling points were thus calculated as: (Qx 1 -Qx 0 ):(t 1 -t 0 ). Correlations between the different growth parameters were tested by the product moment correlation coefficient and linear regression and associated errors were calculated by the least squares method using the built-in statistical routines in the scientific figure processor Fig.P (Biosoft) .
R E S U L T S Cell division
The number of cells per mL increased exponentially in all cultures during the first 5 days (Figure 1 ). Four cultures (cultures 1, 3, 4 and 5) continued to grow, although at a slower rate, until day 14 after which they entered the stationary phase. These four cultures were sampled until day 73 and during this period the cultures had a fresh green colour. The remaining five cultures (cultures 2, 6, 7, 8, 9) stopped growing and entered the stationary phase during days 7-10. Culture 7 and culture 9 entered the stationary phase at the same time as the three cultures wrapped in aluminium foil. No explanation can be given for why this happened but as their cell quotas related to m c in the same manner as observed in the other light-exposed cultures, the results were included in the study. The three cultures wrapped in aluminium foil on day 7 (cultures 2, 6, 8) responded by a 22% (SD = 8%) reduction in cellular abundance within 1 or 2 days (Figure 1 ). The number of viable cells in cultures 6 and 8 were recorded for 14 days using the fluorescence signal from allophycocyanin in the flow cytometer. However, all data from cultures 6 and 8 were discarded from day 10 onwards as an unrealistic increase in protein and carbohydrate content occurred, probably caused by bacteria colonizing the lysing cells. This problem was not observed in any of the other cultures.
The mean relative cell size of all nine cultures on day 1 was set to 100 AE 8% (SD). During the first 7 days of growth, the mean cell size of all nine cultures increased to 130 AE 11% (data not shown). The three cultures wrapped in aluminium foil on day 7 responded by a 33 AE 14% SD decrease in cell size on day 9. The five light-exposed cultures showed a similar but slower decrease in cell size back to 100% as the cultures approached the stationary phase. From day 31 onward the mean cell size of cultures 1, 3, 4 and 5 increased, reaching a mean cell size of 279 AE 22 SD on the last sampling date.
On day 7 the PF ranged from 6 to 11 mmol photons m À2 s À1 in the nine cultures and had decreased to less than 2 mmol photons m À2 s À1 on day 14; finally, at day 33, the amount of light in the centre was below 0.5 mmol photons m À2 s À1 . A strong negative exponential relationship (P < 0.005) was found between the number of cells per mL and PF in the centre of the cultures.
Microcystins
Four different peaks with characteristic microcystin UVspectra were detected by HPLC DAD in the Microcystis extracts (data not shown). A MALDI-TOF MS analysis was run to verify that the major fraction of hepatotoxin produced was [D-Asp 3 ]-microcystin-RR. During exponential growth of the cells the [D-Asp 3 ]-microcystin-RR content was fixed at 64-66% (median) of the total amount of microcystins. When the cells entered the stationary phase this part increased and during the last sampling dates [D-Asp 3 ]-microcystin-RR constituted 90% of the total microcystin. A minor fraction of microcystin-LR and microcystin-YR plus trace amounts of one unidentified microcystin were also recorded. Microcystin-LR contributed 21% of the total microcystin during exponential growth, but this fraction decreased during the stationary phase to 4-5%. All four microcystin peak areas were pooled and expressed as total microcystin-LR equivalents. Microcystin was expressed as Q mcyst and as the ratio of microcystin to protein content. The rationale for determining microcystin/protein ratios is that the cellular protein content has been considered to be a quite stable cell parameter. As microcystin is a peptide, it is included in the total pool of proteins, thus changes in the ratio of microcystin to total protein will reveal the relative importance of microcystin production compared to the total protein synthesis in response to environmental stimuli.
Specific cell division rates and microcystin cell quotas
A plot of the data points of m c versus m mcyst from the light exposed cultures showed a significant positive correlation between the two variables (r 2 = 0.41: P < 0.005) (Figure 2 ). The maximum variation in Q mcyst within each culture was 3.5-fold (Figure 3 ) whereas a 6-fold variation from 110 to 726 fg microcystin cell À1 was observed among all nine cultures. Two of the cultures wrapped in aluminium foil on day 7 responded by continuing microcystin production in the dark, increasing the cell quota from 370 to 714 fg microcystin cell À1 in culture 2 and from 551 to 726 fg microcystin cell À1 in culture 8; in culture 6 the quota remained stable at $340 fg microcystin cell À1 . A general trend of development was observed in Q mcyst , that is during log-phase growth Q mcyst decreased, and in slower growing cultures of the stationary phase Q mcyst also decreased. In declining cultures of the stationary phase with no cell divisions Q mcyst gradually increased. Correlating m c against the simultaneously occurring changes in Q mcyst demonstrated a significant inverse relationship between these parameters (r 2 = 0.42: P < 0.005, Table I ). Growing cultures with a positive m c had a lower Q mcyst (between 110 and 400 fg microcystin cell À1 ) than declining cultures; all Q mcyst values >400 fg microcystin cell
À1
were associated with declining cultures. Thus, cells in the late stationary phase contained up to twice the amount of microcystin compared to actively growing cells.
Cell component quotas and specific cell division rates
The total cellular protein content (Q prot ) ranged between 8 and 97 pg cell À1 , but a majority (71%) of the measurements had a Q prot between 8 and 25 pg cell À1 . The cell carbohydrate quota (Q carbo ) ranged from 4 to 148 pg carbohydrate cell À1 when considering all nine cultures. Altogether, 91% of the observations had a Q carbo <50 pg cell
À1
. The cellular content of chlorophyll a (Q chloro ) ranged from 184 to 1799 fg chlorophyll a cell
, of which 75% of the data had a value between 184 and 800 fg chlorophyll a cell
. In the present experiment the maximum variations within the culture were 3.5-fold for Q mcyst , 6-fold for Q prot , 8-fold for Q chloro and 10-fold for Q carbo .
The general pattern described for Q mcyst during the growth cycle was also observed for Q prot , Q carbo and Q chloro . The lowest Q prot , Q carbo and Q chloro were found in exponentially growing cells and the highest cell quotas were observed in declining cultures. A significant inverse relationship was observed between m c and the simultaneous changes occurring in Q prot (r 2 = 0.42: P < 0.005, Table I ), in Q carbo (r 2 = 0.35: P < 0.005, Table I ) and in Q chloro (r 2 = 0.27: P < 0.005, Table I ). The cell quota of ) and the specific microcystin production rate (m mcyst , day À1 ) for the six light-exposed batch cultures: slope = 0.51 AE 0.055 SE: m mcust intercept 0.028 AE 0.010 SE (r 2 = 0.41, df = 103, P < 0.005). Fig. 3 . The development of the specific cell division rate (m c ) and the microcystin quota (Q mcyst , fg microcystin cell À1 ) for the six light-exposed cultures. Note the different scales on the ordinate axis; cultures 1, 2, 4 and 5 were sampled for 73 days. microcystin was linearly correlated with the quotas of protein (r 2 = 0.54, P < 0.005, Table I ), carbohydrate (r 2 = 0.49, P < 0.005) and chlorophyll (r 2 = 0.45, P < 0.005). A significant linear correlation was observed between the cell quotas of carbohydrate and protein (r 2 = 80, P < 0.005) ( Table I) . A positive correlation was found between m c and m chloro (light exposed cultures: r 2 = 0.22: P < 0.005, Table II), whereas there was no significant correlation with the specific production of protein (m prot ) or carbohydrate (m carbo ). The specific microcystin production was positively correlated with m chloro (r 2 = 0.37, P < 0.005) and less to m prot (r 2 = 0.26, P < 0.005), while there was no significant correlation between the production of microcystin and carbohydrate.
When the ratio of microcystin to protein content was plotted against Q mcyst data, no obvious relationship was found (data not shown). The cell quota of microcystin turned out to be a more stable parameter than the total protein quota with the result that 61% of the variation in this ratio could be ascribed to variations in cellular protein content.
D I S C U S S I O N Microcystin concentration in relation to other cell quotas and growth rate
A noticeable parallel pattern in the development of Q mcyst , Q prot , Q carbo and Q chloro was observed in all nine batch cultures during the exponential and stationary growth phases and significant correlations were observed between Q mcyst and Q chloro , Q prot and Q carbo (Table I) . A comparison of m c with the simultaneous changes occurring in Q mcyst , Q prot , Q carbo and Q chloro during the growth cycle revealed a significant inverse relationship for all four parameters (Table I) ; cell quotas decreased during the exponential growth phase simultaneously with an Interestingly, this study also demonstrates a significant linear correlation between m mcyst and m c (Figure 2 ), along with a positive correlation to the production of the primary metabolites m chloro and m prot . However, the 6-fold variation in Q mcyst indicates that under controlled batch culture conditions there was no 1:1 coupling of m c and m mcyst as claimed by Orr and Jones (Orr and Jones, 1998) . The coefficient of determination shows that only 41% of the variability in m mcyst could statistically be accounted for by the variability in m c and likewise only 42% of the variability in Q mcyst could be accounted for by the variability in growth rate. This suggests some kind of coupling of both microcystin production and Q mcyst to cell division.
Collectively, the parallel development of all four cell quotas and the fact that from inoculum to late stationary phase cells produced microcystin at rates approximating those needed to replace losses to daughter cells during division indicate that microcystin is a constitutively expressed metabolite. However, as the physiological function of microcystin is still unknown it is not possible to state whether it is a primary or a secondary metabolite. Hesse et al. ) studied the consequences of impaired microcystin production for light-dependent growth of M. aeruginosa PCC 7806 and found that the growth of the wild-type and of the mutant was similar under different light regimes, so microcystin was evidently not essential for growth. However, this does not imply that microcystin must be a secondary metabolite, as the PCC 7806 mutant contains cyanopeptolines and microginins, which are compounds with a similar chemical structure to microcystin that may substitute the function of microcystin in the mutant (Orr and Jones, 1998; ).
Indications for a constitutive microcystin production
A constitutive microcystin production explains how it is possible that both the linear relationship between m c and m mcyst and the inverse relationship between m c and Q mcyst can be valid. A potential 2-fold variation in Q mcyst is in reality natural, as cells must reproduce their content before they can divide. Furthermore, for most constituents of the cell, duplication need not be controlled exactly. If there are many copies of a specific molecule in the cell, it is sufficient that an approximate doubling occur and that equal shares are allocated to each daughter cell (Alberts et al., 1989) . Assuming a potential 2-fold natural variation in Q mcyst , it is remarkable that variations in Q mcyst found with other strains of M. aeruginosa have shown 2-3-fold changes in microcystin quota only (calculated per cell or per biovolume) despite very different physical and/or chemical conditions (Orr and Jones, 1998; Fastner, 1999; Kaebernick et al., 2000; Böttcher et al., 2001; Hesse and Kohl, 2001; Long et al., 2001; Wiedner et al., 2003; Lyck and Christoffersen, 2003) . This is still in agreement with constitutive metabolite quotas being kept within certain ranges. In conditions that favour growth the total protein content of a typical cell increases more or less continuously in the course of the cell cycle and when the pattern of synthesis of individual proteins is analysed the vast majority of these are also synthesized throughout the cycle (Alberts et al., 1989) , thus supporting a linear relationship between m c and m mcyst . If, however, the environment is unfavourable to growth then it is generally the G 1 -phase of the interphase that is extended, which means that the production of constitutive cell metabolites continues despite blocking of the cell cycle. This explains the inverse relationship between m c and Q mcyst under non-optimal conditions. Oh et al. investigated the production of microcystin in phosphorus-limited continuous cultures. They found a 2-fold variation in the microcystin content on a dry weight basis that was highest at low m c in M. aeruginosa, whereas the microcystin production rate was linearly proportional to m c . Although these data were obtained from continuous-culture experiments they were similar to the findings of this experiment. One reason for the similarity in results could be that Oh et al. had little focus on keeping the intra-cultural light intensity constant in their study. At steady-state of m = 0.1 day À1 there was 192 mg dry weight L À1 while at steady-state of m = 0.8 day À1 this had decreased to 11 mg dry weight L À1 , thus, in fact their experiment resembles a batch culture by having a low cell concentration at the high growth rate and a dense culture at the lowest growth rate; that is, although these authors claimed it was a phosphorus-limitation experiment I postulate that light also influenced their result so that their data showed the effect of a combination of both phosphorus and light availability on the microcystin net production. Furthermore, the microcystin content was determined relative to dry weight, which can be problematic (Bickel et al., 2000; Long et al., 2001) .
The results of Long et al. (Long et al., 2001) showing a linear correlation between m c and Q mcyst in nitrogenlimited cultures may at first appear to be in opposition to mine. However, part of their conclusion is not in opposition to this experiment because had the present experiment been stopped at the onset of the stationary phase, then the results would have fitted perfectly to the model proposed by Long et al. (Long et al., 2001) with Q mcystmax found during exponential growth and Q mcystmin found at the end of the exponential growth phase where m c = 0. It is unusual to let batch culture experiments continue for as long as 73 days but this procedure revealed the continued production of microcystin in late stationary phase as well as in the dark, which is where Q mcystmax was observed. Many textbooks claim that accumulation of metabolic end products will deteriorate the growth of cells in batch culture but this does not hold true for M. aeruginosa strain CYA 228 nor for strain PCC 7806 presently maintained in our laboratory for more than 6 months in batch culture without addition of new medium (own unpublished data). Thus, as a result of low maintenance energy Microcystis species can endure for a long time in the stationary phase, even at 20 C, and this is probably how they survive the winter in the sediment. Regarding the results of Long et al. (Long et al., 2001 ) from continuous-culture experiments, it is simply not possible to compare cells of steady-state having adjusted the enzymatic machinery to the constant incoming medium with cells from batch cultures constantly exposed to a changing environment. The continuous-culture experiment reveals the potential effect of single factors on microcystin production and despite the large variation in growth rate changes in Q mcyst were still less than 2.5-fold (Long et al., 2001) .
Interestingly, the 6-fold change in Q mcyst observed between cultures in this study occurred in the dark-exposed cultures. Although the cells stopped dividing and decreased in cell number after 1-2 days wrapped in aluminium foil, the healthy cells continued to produce microcystin in the dark, increasing the quota to 714 and 726 fg microcystin cell À1 in culture 2 and culture 8, respectively. A recent experiment by Hyenstrand, Christoffersen and Rohrlack (personal communication) confirmed that microcystin production continues in the dark in M. aeruginosa PCC7806. Studying the incorporation of inorganic radioactive carbon into the intracellular carbon pools, including the microcystin pool, they found a rapid increase in microcystin radioactivity during the light phase, but more excitingly, both the amount of radioactive microcystin and the specific microcystin radioactivity (amount of radioactive microcystin in the total pool of microcystin) continued to increase in the dark phase. Their results indicate that although the transcription of microcystin synthetase genes seems to depend on light (Kaebernick et al., 2000) , the translational building of amino acids into microcystin molecules is not controlled by light as synthesis of microcystin continued in the dark for at least 12 h (Hyenstrand, Christoffersen and Rohrlack, personal communication) . In the present experiment 'dark' production of microcystin continued for 7 days in culture 2 and for 2 days in culture 8.
The results of Kaebernick et al. (Kaebernick et al., 2000) working with RNA transcript analysis of the microcystinproducing gene cluster in M. aeruginosa support the existence of constitutive microcystin production. Microcystin is known to be synthesized by a complex multienzyme-linked modular system involving domains of polyketide synthetase and non-ribosomal peptide synthetase (Nishizawa et al., 1999; Kaebernick et al., 2000 Kaebernick et al., , 2002 Tillett et al., 2000) . (Kaebernick et al., 2000) . Interestingly, Q mcyst of cells grown at low, medium or high light intensities did not change significantly, which allowed the authors to suggest that microcystin could be constitutively produced under low and medium light intensities but might be exported out of the cells when a certain higher threshold intensity was reached (Kaebernick et al., 2000) . In this study, the light intensities decreased from 33-53 mmol photons m À2 s À1 , measured at the surface of the culture, to 0.5 mmol photons m À2 s
À1
, measured in the centre of the culture flasks. The lowest values of Q mcyst in all nine cultures co-occurred with very low light intensities and high cell densities found at the end of the exponential phase. Wiedner et al. (Wiedner et al., 2003) found a significant positive correlation between Q mcyst and growth rate under PAR-limited growth (below 80 mmol photons m À2 s
) and a positive correlation between m mcyst and PAR under PAR-limited growth but a negative correlation under PAR-saturated growth in continuous-culture experiments. Although batch and continuous-culture experiments cannot be directly compared because the growth rate and cell quotas change from day to day in batch cultures, the results of Kaebernick et al. (Kaebernick et al., 2000) and the correlations found by Wiedner et al. (Wiedner et al., 2003) under PAR-limited growth could explain why the lowest Q mcyst was found at the highest cell density.
Contrary to the stable cell quotas in continuous cultures the variable cell quotas found in batch cultures reflect the initial amount of toxins in the cell and the balance between toxin production and toxin losses due to cell division, catabolism or excretion/leakage. A high Q mcyst is not necessarily the result of a high toxin synthesis, nor is a low Q mcyst always the result of low microcystin synthesis. As appears from Figure 3 , culture 1, the lowest Q mcyst was found at the end of the exponential growth phase after many cell divisions in a culture experiencing decreasing PAR, while during the period with few cell divisions Q mcyst increased in cells arrested in the interphase until the cells were suddenly able to divide and consequently the cell quota decreased. It has been assumed that microcystin excretion increases as the number of cells in the culture reached a maximum. Microcystin excretion is a much debated subject where some experiments show a dissolved fraction of microcystin contributing up to 40% of the particulate fraction in axenic cultures (Orr and Jones, 1998; Jähnichen et al., 2001 ) while other papers show that external microcystin amounts to less than 5% of the particulate fraction (Rapala et al., 1997; Long et al., 2001; Lyck and Christoffersen, 2003; Wiedner et al., 2003) . Unfortunately, only the particle-bound fraction of microcystin was determined in this study, so it is not possible to conclude if microcystin excretion caused a significant underestimation of m mcyst and Q mcyst or not.
The impact of light availability on cellular growth is well known whereas the importance of light for the biosynthesis of microcystin (Kaebernick et al., 2000; Wiedner et al., 2003) is a new concept. In the present experiment cell division continued until intracultural light intensities reached 1-5 mmol photons m À2 s
. These light intensities are comparable to the results of Huisman et al. (Huisman et al., 1999) , who found that the critical light intensity penetrating through the cultures at steady-state was 2.85 mmol photons m À2 s À1 in continuous-culture experiments with Microcystis sp. According to their model, a species in monoculture will continue to grow until it has reduced the light intensity to its own critical light intensity. No attempts were made to identify the limiting factor for growth in the ever-changing environment of the batch cultures so whether PAR was a limiting factor is unknown.
Concerning different ways to express microcystin data, the ratio of microcystin to protein content in the cells as a measure of microcystin production was inferior compared to the microcystin quota. There was no relationship between Q mcyst and the ratio of microcystin to protein under the conditions present in the batch culture experiment, as Q mcyst turned out to be an even more stable parameter than Q prot . Except for culture 4, with an identical variation in Q mcyst and Q prot , the variation in Q prot within the culture was always larger than the variation in Q mcyst . Thus, 61% of the variation in the ratio could be ascribed to variations in cellular protein content, which means that presenting microcystin data as the ratio of microcystin to protein could give misleading results. Accepting that microcystin is constitutively produced implies that the changes to be expected in Q mcyst are small. It is thus essential to determine microcystin relative to an even more stable cell component. A combination of Q mcyst and microcystin per cell volume would provide a good tool for future studies on the cellular microcystin dynamics.
Speculation on the function of microcystin
The coupling between the production rates and quotas of microcystin and chlorophyll a found in this experiment has previously been observed in other studies Long et al., 2001; Lyck and Christoffersen, 2003) . Using immuno-gold labelling Shi et al. (Shi et al., 1995) showed that microcystins are embedded in the thylakoid membrane inside the cells and together with the previously mentioned light-regulated transcription of the microcystinsynthesizing gene cluster, a coupling of microcystin function to light harvesting and chlorophyll is appealing. In support of this hypothesis is the observation by Hesse et al. ) that the PCC 7806 mutant cells possessed lower contents of chlorophyll a, b-carotene, zeaxanthin and echinenone under light limitation compared to the wild-type cells. Collectively, these results could be the first indication of the physiological function of microcystins in the cell. Future work studying the turnover of intracellular pools of microcystin in concert with key regulatory enzymes of, for example, the photosynthetic pathway will hopefully soon reveal the function of microcystin.
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